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AR IE AME BZEKD, TS AMF
508 FAEY) LA IR R AE SR PO OL T R BT
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polymyxa) AJ LAAE Ay B AL 4 1 551 01 i 2R Ak 98 75
(Glomus aggregatum) £ 5. Zhang 215 th
R I IR] B2 A v B8 T 7 DR BRI 7 (Pseudomonas
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LER R AR RS, HHEE LR pH AT 2
X AR W) Z TR A2 A AR g, LA
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Rk, Baicg) 2WHTFHEEASRS
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(B A W), FIH 16S rDNA il AMF SSU
MY, HA T AR A v AMF 5 KR ARBRZH
WM HAEN, i — 4208 TR SHEEY A
R P A 08 A DG B A R

1 AORFe7

1.1 REi&it
ARWFFE R TR 3 Rl R H A 32

B WAL SR BRI TLA Al
ARG (126°38' E, 47°26' N), J& T2RiRiIE0
FEL A 2= KU 5 T e 3 e ARl A A 0
(114°24' E, 35°00' N), J& T T5. RBIA g
Ty 2 LA 5 R0 VG A T VR Al AR A
(116°55" E, 28°15' N), J& T H W #vi i 2 XA,
i I T 2005 4F 10 A JFHAIEE, A THRIE
SRS FED SR — 3, AER MR (B2
20 cm)>RAE 3 Bl -SRI, 38 2 8 bl H ROR 1
TR ERE AL 1.2 m FEx1.4 m Kx1 m AT
AN, JE LK S S A IR AL . B4R 6 T RIFD
1 ZEEK, SRR 958, SRATHIFE, A T8
BFRRE, & 2 MALER. (1) AL BEE(CK), (2)
WO E Ak B (NPK) 40 21 it IE & 20 531 o
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150 kg/ha, 75 kg/ha F1 60 kg/ha, HERM3HILLR %
(NH,),HPO, 1 KCI BJEAEA, A AR IE
(L2 RIE. SFEBENCFBIAL), FRKMIYE A
TR 12 FAE AR E 3 R A
FURIGFE T T 2016 4 FORBLAGSRAE , HERRISCER
5, L5 FORMERIZH, BRERE ToRI 1
SR 23 FH T BRAG PR BT 347 ) L A AToRb B FEAR 3R 1 )
TR 1, LR E LW AT, A
50 mL JGE 0.9% NaCl % ##i sl 5 min, 8000xg
B0 10 min Y dE 3, T-80 °C TR I THZED
e 534
1.2 A R

FE R ORAEFE . KPR R Sk Ja R et
FPREARERIEME B A2 . £ 38 pH SR FH B8 e AR
E, KL 2.5:1; HIEAHUTCR N E KRR A E
PAAE s RN E R A S
RS E 2 mol/L KCI IR, ah il
W5 5 B e 2 DN SR FHBRUA 7 180 s Al R T ik
FRENIE R, AL R ] Olsen-P ¥, FHEAHT
Fe e ; 48 S S mlk , O S
PREAZHE, JOBNCEEENE . DL il 2 i
(B A2z b ik ) B
1.3 DNA REF 7

FREL-80 °C {RAFMY 18 3 Aibr 4 HEFE i (L
G 3 A 3R, 2 Fhab PR, BESAbFE 3 ANEE
)% 29, RABAGELH MO BIO PowerSoil
DNA lIsolation Kit () DNA 45 5tz 77 £ H Bt + 33
iR AR 2H DNA. $2BUS /9 DNA 47 1%
(W/V) B i AR fie L PG DNA R BER VN, R
NanoDrop 2000 (Thermo Fisher Scientific ,
Waltham, MA, USA)Ill & DNA ) ¥ B K&

230 nm. 260 nm Al 280 nm WK MW IEIE, #
5 DNA ¥ JE =20 ng/uL, ODys/ODyg0=1.8-2.0,
OD360/OD230>1.8,

KR U 1 HESE R 4] DNA EFT 3R A i =X
J2)¥ (polymerase chain reaction, PCR), X4
16S rDNA L[ V4-V5 &8 X A BRI AMF (1
SSU rDNA JE[H V4 X R BEUEA T3 . 51415 51
IR : 407 16S rDNA L V4-V5 X 14 5197
51|°h 515F (5-GTGCCAGCMGCCGCGG-3")#1 907R
(5'-CCGTCAATTCMTTTRAGTTT-3"), AMF SSU
rDNA R V4 X 5197518 AMVA4.5NF
(5'-AAGCTCGTAGTTGAATTTCG-3")#1 AMDGR
(5'-CCCAACTATCCCTATTAATCAT-3').

YIS, B2 ul P4 W 1% (WIV)BUE
T U J2 EL ARSI L DR 2 DNA 52 3 (R Tk 455 0
Wrnl WL, JCH R FEME). > DNA RS 1S 3 %
A, BrEl—FEA G PCR P8 P =W SR A AT
R B SE i i 1] 74 , I 1] PicoGreen #4746 I &
o AIFERY PCR 4 DNA BrlR Bl i Rl
7 & QlAquick Gel Extraction Kit (QIAGEN
Sciences, Germantown, MD, USA)#1r4lifk, It
Fl PicoGreen #4522 #& . 2 ¥& MiSeqTM
Reagent Kit i £ (Illumina, San Diego, CA, USA)
FRVEULRH , B 2 i S 2k [RTISUS 1) DNAVTR A
Wi BRI AE M LAFRTS 8 pmol/L BEAX DNA 3¢
i, SRJE 544 8 pmol/L PhiX (1llumina, San
Diego, CA, USA)RGIRFHRESHEA . B 600 uL
TRA RSO, 300 JEFR(2x150 Fe xR s ) [ SCH2E
A5 readl. read2 FI4EFE Index #RZEF41 .
XF I S AR AT B A g Sk UCHIME
EHRAERITES] . Xt 97%AHMIAKF-# OTU ft%
FEFN AT A3 252 G0t . AT 16S  FL U Hds N
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Silva (Releasel28http://www.arb-silva.de) ; AMF
e xf 508 2 4 MaarjAM  database  (http://maarjam.
botany.ut.ee). fii*F-AbF 5 4 7 A 59870, AMF h
67223,

14 BHRSHT

R0 A5 2 A 4R TR AL Y OTU %8s, ik
FEAE CK A NPK b3 i 809% A AEA H H B
X EEERT 0.1%F% OTU, F|H Cytoscape #f4:
HrYg CoNet i3 e e 8 - 3 L FNZT8E R A
PRSI ZE o Heff 4 PR i i i 4%, o
%/ Pearson correlation, Spearman correlation .
Bray-Curtis Kullback-Leibler
dissimilarity, BE#EAH G REL AR = /Y 1000 2%
%4 . >R Benjamini-Hochberg 77 i it AL AL HHAH
KA, HEIERA RSS2 0 B2 P E
(P-value)., {4/ /£ P<0.05 fUAHE OTU #y2 cBk
2%, F A NetworkAnalyzer T H., 315 M Z4$b
PRI, AR R R R R REL
o0 285 4 v B FIAH AR 1m0

R W FF 43 % WA ] % (apparent  recovery
efficiency of applied nutrients, RE): RE(%)=
(U-Ug)/Fx100%, ot U ki i X ARk e it
EERRFR L, Uo S A it AT DX AE WAk 1
AR FE WO, FACRIER A,

AR S Ao PR T R4 22 S S 1 AR O 22
J3#ri (analysis of variance, ANOVA)FI Tukey ¥
Y b =F B R A 2 8] 60 A G M a3 B AR
SPSS 22.0 Hit i fhZ G 58l Zongeit Al
A R_3.4.1 (http://www.R-project.org/)5E i, HH,
07 50 AW T4 53 B (partial redundancy analysis,
pRDA) i Fil Vegan #fFE 58 i, 4k 22 70 fdi ]
extremevalues #4158 1

dissimilarity 7l
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2.1 AMF 5RBFUEZEER

A0 5L b - 498 R OR AR PR 4 R RV L AR TE TR T
(Proteobacteria) . JitZk &[] (Actinobaceria) fI R+
1] (Acidobacteria) f 35, AN[A)2EHY LI 4 T
FEVR AL 22 5 3, AH LR LR+, rdgep
T T1(36%) F1 o A8 JE T 4K (11.15%—15.46%) ]
PR 1-A) @K BRI AL
#5870 % 4 Gaiella (5.81%-7.60%) . Gp4
(4.91%-7.38%) #i1 25 i < = J& (Nocardioides ,
5.01%-5.41%). 3 i T HERAY) AMF BEVR L3R
J& ¥4 Jy Bk e85 R BB (Glomus) (& 1-B).

N THRIT AMF SR RN VR 22 1R 9 58 B
VERT, M T AME 5HLER 20 B 1Y A 25
% ( 2-A, % 1), AN EHERAEIR AMF 5405
HAEMNGEAEE B E S . 3 3 rh W25 2 R
BRI, (H L4 52 B2 DAE A2 B N 3
do W AL R E L A P T 83.9%.
95.8%. 78.7%. %45 KW AMF SHRERAN ]
RELA PR RIVE I R

W B EAE M 2 B s AR A, R
BUAEAS [R) 2 A A 38 w32 A FH B4 9 o 45 AS A T
(Bl 2-B). ALY BB .
TV WRERFT P8 Z [ i 40 T/ N B, HAEROCR
b EE23 o 51.7% . 46.3%7F01 21.2%. ]+ 58+
K, HERE . B EMBRATE, S5HAMAEY
5 28 5 He A9k 32.5% ., 32.5%F1 26.5%. T4l
Heh 525 TR AR FHOC R B VI £ 2O PR RS 1T
AR TE R, H A5 37.0% . 34.8%
1 32.6%. 3 Fl L3, AMF SR RN R 95 5
HAEELTHE 5 s, 7ERR LA,
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Figure 1. Bacterial community composition at phylum level (A) and arbuscular mycorrhizal fungal community
composition at genus level (B) derived from Illumina sequencing analysis. CK: non-fertilized; NPK: fertilized.
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Figure 2.

Interaction networks between arbuscular mycorrhizal fungal and bacterial communities. A1, B1 and C1

represent the AMF and bacterial community network in Phaeozem, Cambisol and Acrisol, respectively. The node
represents the OTU and the sizes of node are positively correlated with the OTU abundance. A2, B2 and C2
represent the chordal graph of network in Phaeozem, Cambisol and Acrisol, respectively. The outer length is
proportional to number of associations among different groups.

F 1. AMF FIZHE R % BAEM B9 RMER
Table 1. Topological properties of co-occurring

networks between arbuscular mycorrhizal fungal and
bacterial communities
Network metrics

Phaeozem Cambisol Acrisol

Number of nodes 158 147 181
Number of edges 354 166 230
Number of positive 297 159 181
interactions (83.9%) (95.8%) (78.7%)
Number of negative 57 (16.1%) 7 (4.2%) 49
interactions (21.3%)
Network density 0.029 0.015 0.014
Clustering coefficient 0.290 0.241 0.254
Network centralization 0.145 0.033 0.048
Avg. number of neighbors 4.481 2.259 2.541

W 2 4 55 3% B2 (degree) om0 i 5 20
HAT R, PR B T BRI T AT
W2 ke O B RE ] . SRR 3 A A
Fr R R 22 AR (18] 3). R A Y
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A 2 g oy i 2k 8 75 JE AT (Paralomus) |
FEER E (Myxococcales) FlIER 28 5 Jg EL B .
2.2 AMF 5403 B AE R F/ED BBER M
KA

i 16 H A P AT AME AR 2 B R 0.1%09
OTU HAEBEFIT RIS (K 2, B 4), &
B R R R B A O A R R TR P Y
OTUA446 Fil OTU48L, 52 A1l FH i 2 AH G A (L 45
LR R OTU94, OTU12, OTUS863 A1 OTU4L,
a IEHE H K OTU605 Bk 42 % J& 13 1
OTU446, OTU614 F1 OTU361, ix2b 5 & #EH
M G T s Y B TR S R
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(A) Phaeozem (B) Cambisol ©) Acrisol
Residual plot with outliers, Method 11 Residual plot with outliers, Method I1 Residual plot with outliers, Method 11
normal distribution, R>=0.8571 normal distribution, R*=0.8467 normal distribution, R?=0.8930
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= Phwu‘[dbacrerium > = Stre Combes . . = e Gemmatimonas .,
._5 st : Bradyrhizobium_ \: :(’}andndmm_Km'i."‘u.'rcr -g 1 01 : '“’”””%““\: % 24 . Variibacier \§ :‘_.(_.-.t_li.c-i-'_a
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A ! [ | :
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0 5 10 15 20 25 1 2 3 4 5 6 7 2 4 6 8 10
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3. MEPHRERENHIKER
Figure 3. Residual plots with outliers of degree in interaction networks.

*2. SRBMAABEHERXE OTUs
Table 2. OTUs that significantly correlated with nitrogen and phosphorus utilization

. Correlations OTU taxonomic classification
Nutrients OTU ID — - -
r Superkingdom Phylum Class Order Family Genus
N OTU446 0.2480.035 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
OTU481 0.2280.045 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
P OTU9% 0.3310.012 Bacteria Actinobacteria  Actinobacteria Actinomycetales  Nocardioidaceae ~ Nocardioides
OTUG605 0.2350.042 Bacteria Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas
OTU863 0.3210.014 Bacteria Actinobacteria  Actinobacteria Actinomycetales  Nocardioidaceae ~ Aeromicrobium
OTU12 0.2860.022 Bacteria Actinobacteria  Actinobacteria Actinomycetales  Nocardioidaceae ~ Nocardioides
OTU41 0.2760.025 Bacteria Actinobacteria Actinobacteria Actinomycetales  Microbacteriaceae Agromyces
OTU446 0.4650.002 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
OTU614 0.4280.003 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
OTU361 0.531<0.001 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
OTU423 0.3100.016 Fungi Glomeromycota Glomeromycetes Glomerales Glomeraceae Glomus
(A) B) _
& S Lif
S E —
= 127 = Lok AUEOA A
2 3
§ 1.1 —% 0.9F
]
G o -
° S 0.8f . O Nocardioides ~— r"=0.331, p=0.012
% % O Sphingomons ~ — r°=0.235, p=0.042
£ 1.0r = O Aeromicroblum — "=0.321, p=0.014
g %’ 0.71 Nocardioides i':=0.286, p=0.022
2 Glomus — 1°=0.248, p=0.035 2 4 P A AR o
o 0.9r Glomus ?=0.228, p=0.045 o 0.6r A Glomus 2=0.428, p=0.003
= = 6ogs. & & Glomus — P=0.531, p<0.001
o 5 0.5 @0 Glomus #=0310, p=0.016
< . . . X . \ -] . . . L X
<& 08 0 300 600 900 1200 1500 & 0 500 1000 1500 2000 3100
Abundance/OTUs < Abundance/OTUs

4. AMF 5AEFEMR(A). BB)RUFAERHXER
Figure 4. The relationships between bacteria, arbuscular mycorrhizal fungi and apparent recovery rate of applied
nitrogen (A), and phosphorus (B).
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Figure 5. Frequency distributions of degree of Glomus (A), Actinobacteria (B) and Alphaproteobacteria (C) in

networks.
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6. SRMAAZRERXHXBEYME AMF 5EHEBEIERKEFRIER
Figure 6. The roles in networks of keystones that significantly correlated with nitrogen and phosphorus utilization.
Circles represent bacteria and diamonds represent AMF. The sizes of node are positively correlated with OTU
abundance. Blue and red lines represent positive and negative interactions, respectively.
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Effect of interaction between arbuscular mycorrhizal fungi and
rhizosphere bacteria in farmland soils on nutrients utilization

Haogi Tang"?, Na Zhang"?, Bo Sun', Yuting Liang""
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Nanjing 210008, Jiangsu Province, China
2 University of Chinese Academic of Sciences, Beijing 100049, China

Abstract: Soil microbes are important drivers of nutrient cycling in soil-crop system. Arbuscular mycorrhizal
fungal (AMF) communities are reported to promote plant nitrogen and phosphorus utilization, especially under
adversity stress. [Objective] The aim of this study is to explore the cross-kingdom microbial network between
AMF and rhizosphere bacterial communities, and disentangle the potential keystones related to nutrient utilization.
[Methods] Illumina sequencing and CoNet were used to construct the microbial network, and partial redundancy
analysis and correlation analysis was used to explore potential keystones. [Results] Positive associations were
dominant between AMF and rhizosphere bacteria in the three soil types. The interactions between AMF and
bacterial communities varied in the three soils types. Cross-kingdom interactions were highest in Acrisol, mainly
between Glomus and Actinobacteria and Proteobacteria. And in Phaeozem the interactions were mainly
intra-kingdom interactions among rhizosphere bacteria. The microbial taxa that significantly correlated with
nutrient utilization were species from Glomus, Actinobacteria and Alphaproteobacteria. [Conclusion] The positive
interrelationship between AMF and rhizosphere bacteria in typical dryland soil has a potential promotion effect on
the utilization of nitrogen and phosphorus. The role of keystones in Acrisol with relatively low organic matters and
nutrient may be more important.

Keywords: Arbuscular mycorrhizal fungi-bacteria interaction, nitrogen and phosphorus use efficiency, key
microbial communities
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